New isothermal pTxy data are reported for methane + benzene and methane + methylbenzene (toluene) at pressures up to 13 MPa over the temperature range (188 to 313) K using a custom-built vapor-liquid equilibrium (VLE) apparatus. The aim of this work was to investigate literature data inconsistencies and to extend the measurements to lower temperatures. For methane (1) + benzene (2), measurements were made along six isotherms from (233 to 348) K at pressures to 9.6 MPa. At temperatures below 279 K there was evidence of a solid phase, and thus only vapor phase samples were analyzed at these temperatures. For the methane (1) + methylbenzene (3) system, measurements were made along seven isotherms from (188 to 313) K at pressures up to 13 MPa. Along the 198 K isotherms, a significant change in the data's p,x slope was observed indicating liquid-liquid equilibria at higher pressures. The data were compared with literature data and with calculations made using the Peng-Robinson (PR) equation of state (EOS). For both binary systems our data agree with much of the literature data that also deviate from the EOS in a similar manner. However, the data of Elbishlawi and Spencer (Ind. Eng. Chem. 1951, 43, 1811-1815 for both binary systems, which appear to have received an equal weighting to other data in the EOS development, are inconsistent with the results of our measurements and data from other literature sources.
Introduction
Accurate vapor-liquid equilibrium (VLE) data for hydrocarbon systems are required for many reasons including the development of improved equations of state, which are used in a variety of upstream and downstream hydrocarbon transport and processing applications. There are numerous VLE data sets in the literature for binary hydrocarbon systems but many of the measurements are inconsistent with each other. In this work we present new measurements of VLE for the methane (1) + benzene (2) and methane (1) + methylbenzene (3) systems to help resolve such inconsistencies in the literature data. In addition, we present results indicative of a liquid-liquid equilibrium (LLE) for the methane + methylbenzene system at 198.15 K, a higher temperature than has been reported or was expected [1] . The phase equilibria of these particular systems are important for multiple reasons: for example, in natural gas processing the solubility of methane in these aromatic compounds is important in estimating the methane content of the bottoms product of demethanizer distillation column. Aromatic components in natural gas have also been shown to be a concern in low pressure natural gas pipelines made from plastics, as the pipelines are vulnerable to solvation if the aromatics condense [2] .
Our previous papers described the construction of a cryogenic VLE apparatus for measurements at high pressure, and measurements were made on the systems methane + 2-methylpropane [3] , methane + pentane and methane + hexane [4] . These data were compared with calculated values from the multi-parameter GERG-2008 EOS for natural gases [5] using mole fraction deviation plots. However, the GERG-2008 EOS has not been extended to include aromatic compounds, which precludes comparisons similar to those given previously [3; 4] . Therefore in this work the deviation plots have been prepared using the PR EOS as implemented in the "PR (Advanced)" model set in the software Infochem Multiflash [6] as the baseline. This EOS is referred to as advanced [7] because the temperature dependence of the equation's "a" parameter is optimized to replicate experimental vapor pressure data, and a Peneloux volume translation correction [8] is also implemented. For both mixtures in this work the default symmetric temperature independent BIPs were used in calculations (k12 = 0.0301, k13 = 0.0334). Significant differences between the literature measurements and our data were observed, including differences of 0.05 or larger in the liquid phase methane mole fractions. Additionally, our measurements of the methane + methylbenzene system at a temperature of 198. 15 K exhibited what Lin et al [1] referred to as a "reverse solubility" trend at high pressures, which indicates LLE rather than VLE. This temperature is somewhat higher than the upper value for LLE of 192 K estimated by Lin et al [1] , although the PR EOS used in this work also predicted LLE at 198.15 K.
Method and Materials
The suppliers and supplier-analyzed purities of all components used in this work are listed in Table 1 . Our analysis of these compounds by gas chromatography indicated no detectable impurities.
The experimental apparatus and technique have been described in detail previously [3; 4; 9] ; the improvements described by Kandil et al. [4] for the methane + hexane measurements were implemented in this work. For methane + benzene, measurements were made along six isotherms from (233 to 348) K, at pressures from (2.1 to 9.6) MPa.
The cell was first evacuated and flushed several times with pure methane then, while filled with methane at p ≈ 0.2 MPa, approximately 10 mL of liquid benzene was pumped into the cell using a high pressure liquid chromatograph (HPLC) pump. To ensure the benzene in the cell was degassed, the system was kept at 290 K and the valve to the vacuum pump was momentarily opened, with the stirrer on. After 2 h of intermittent evacuation it was assumed that the liquid was completely degassed. The cell was then held at the desired temperature while methane gas was added to achieve the target pressure. The sample was mixed and once it had reached equilibrium, up to five samples from both the gas and liquid phases were removed and analyzed with a gas chromatograph (GC). The next measurement at a different pressure, on the same isotherm, was made by either adding methane or venting the vapor phase. The isotherm sequence was as follows: starting at 323 K the temperature was increased to the highest temperature of 348 K, then decreased to 278 K, followed by a measurement at 268 K and then at 233 K. Measurements at 278 K were then repeated followed by measurements at 303 K. Finally, a single measurement was made at 323 K and about 8
MPa. At 268 K and 233 K, the time series pressure results indicated the existence of a solid phase (see the Results and Discussion section), which is consistent with the known triple point temperature of pure benzene (Tt = 278.67 K) [10] .
For the methane + methylbenzene system, measurements were made along seven isotherms from (188 to 313) K, at pressures from (1.9 to 13.2) MPa. The method of loading and changing the pressure in the cell was the same as described for the methane + benzene system. In particular the amount of methane added was not measured precisely; it was simply added until the specific target pressure was achieved. Along the T = 198.15 K isotherm a change in slope of the p,x data was observed, indicating the presence of a LLE at higher pressures.
To enable quantitative VLE measurements with a rigorous uncertainty assessment, the two flame ionization detectors (FID) of the gas chromatograph were calibrated, following on a method similar to that described in our previous work [4] , to determine the response factor ratios (κi/κ1) of the FIDs for the three compounds methane (i = 1), benzene (i = 2), methylbenzene (i = 3). The detector response factors i are defined in eq 1 of Kandil et al [4] , and a summary of the results of the calibration is listed in Table   2 , where FID-L and FID-V are the flame ionisation detectors for the nominal liquid and vapor phases, respectively. These ratios were used to determine the values of x1, y2, and y3 listed in Tables 2 and 3. To determine (κ2/κ1), three binary liquid mixtures of benzene (2) + hexane (4) with x2 ≈ 0.18, 0.52 and 0.85 were injected through the GC's liquid sampling manifold.
Unfortunately, the liquid sampling manifold used to inject the gravimetrically prepared liquid calibration mixtures onto the GC could only be connected to FID-L, and thus it was assumed that (κ2/κ4) and (κ3/κ4) were the same for both detectors. In the future, a switch to allow a sample to be sent to either detector will be added to the GC; however such a test was not possible at the time of these measurements. The ratio (κ2/κ4) was measured to be 1.040 ± 0.002 and multiplied by the ratio (κ4/κ1) determined in Kandil et al [4] (5.57 ± 0.13 for FID-L and 5.61 ± 0.21 for FID-V) to obtain the ratio (κ2/κ1) = 5.80 ± 0.13 for FID-L and 5.84 ± 0.21 for FID-V. The same procedure was followed to determine the ratio (κ3/κ1) by injecting three binary liquid mixtures of methylbenzene (3) + hexane (4) with x3 ≈ 0.28, 0.5 and 0.77 through the GC's liquid sampling manifold.
The ratio (κ3/κ1) was then similarly determined by multiplying the ratio (κ3/κ4) measured to be 1.134 ± 0.003 by the ratio (κ4/κ1) determined in Kandil et al [4] as above, to obtain the ratio (κ3/κ1) = 6.32 ± 0.13 for FID-L and 6.36 ± 0.21 for FID-V. These values of (κ2/κ1) and (κ3/κ1) had relative uncertainties of about 3 % and were consistent with those estimated from the detector response factors tabulated by Dietz [11] , as 5.62 and 6.33 who also reported a relative uncertainty of about 3 %.
Uncertainties:
The estimated uncertainties of the measurements for methane (1) + benzene (2) are listed in Table 3 , and for methane (1) + methylbenzene (3) in Table 4 . The uncertainties in the composition measurements for the liquid phase u(x1) and for the vapor phase u(yi), listed in Tables 2 and 3 , are the quadrature combination of the standard deviation in measurements (calculated from the five repeat measurements at each pressure and temperature), the uncertainty of the ratio of the FID response coefficients (κi/κ1) listed in Table 2 and the effects of propagating the temperature and pressure uncertainties (these contributions were assessed by investigating the change in the compositions by perturbing T ± u(T) and p ± u(p) using the PR EOS). In Kandil et al. [4] the relative composition uncertainties u(x1)/x1 and u(yi)/yi were both about 0.04 for methane + pentane and methane + hexane systems, although as expected at low hexane vapor fractions (yi < 0.002), u(yi)/yi increased rapidly to a maximum of 1.5. In this work the relative uncertainties for methane + benzene and methane + methylbenzene were larger with u(x1)/x1 t0.1 and u(yi)/yi  0.1, although for yi < 0.005 u(yi)/yi increased to a maximum of 3 for methylbenzene. Furthermore, u(x1)/x1 for the methane + methylbenzene system exhibited significantly more scatter than observed previously [3; 4] or for the methane + benzene system. This increase in the relative uncertainty of the liquid methane mole fraction can be attributed to two effects: the decrease in (sampling) repeatability at low temperatures and high pressures (for the methane + methylbenzene system), and the lower range of x1 observed for these aromatic liquids. In this work the ranges (0.037  x1  0.172) for methane + benzene, and (0.046  x1  0.28) for methane + methylbenzene were significantly smaller than in our previous work [4] for which (0.11  x1  0.96), and hence the relative uncertainties in x1 increased accordingly.
Results and Discussion
Comparison with Literature Data: † The measurements for methane (1) + benzene (2) are listed in Table 3 . There appears to be no literature data reported for methane (1) + benzene (2) at T = 233.15 K and 268.15 K and, in this work, only vapor phase compositions were measured at these temperatures. There was evidence of solid formation at temperatures below 273 K, as shown in Figure 1 , which is consistent with the known triple point temperature of pure benzene (T = 278.67 K) [10] . It was also consistent with the predictions of solid-vapor equilibrium (SVE) at these conditions made using Multiflash's solid freeze-out model [7] with the PR (advanced) model set.
Thus, only the vapor phase was sampled at 233.15 K and 268.15 K.
In Figure 2 , the measured p.x data for methane (1) + benzene (2) are plotted. In Figure   3a the Stepanova et al. [21] , Rijkers et al. [19] and Darwish et al. [13] are within the x1, p and T range of our measurements. However, the data of Luks et al. [17] were only just outside the temperature range (our lowest temperature was 278.15 K and their highest temperature was 277.7 K) and the data of Sage et al. [20] were measured at only slightly higher mole fractions (our highest x1 was 0.172 and their lowest x1 was 0.1799). Our data appear to be in reasonable agreement with the literature data of Stepanova et al.
[21], Luks et al. [17] , and Rijkers et al. [19] . The data of Sage et al. [20] , Elbishlawi and Spencer [14] and Darwish et al. [13] are inconsistent with our results, as they have increased methane mole fractions in the liquid phase. In particular, the data of Elbishlawi and Spencer [14] deviate from equivalent data measured in this work and elsewhere by methane liquid mole fractions as large as (0.03 to 0.04). The purity of methane used by Elbishlawi and Spencer [14] was low ("not less than" than a mole fraction of 0.99 methane), containing mole fractions of 0.005 ethane and 0.003 nitrogen as well as "traces of carbon dioxide" [14] Additionally, Elbishlawi and Spencer [14] estimated the composition of the liquid and vapor phases from measurements of their gas densities using a Dumas bulb, a method which we note is susceptible to large uncertainties [22] .
In Figure 3a there are also some large deviations between the literature measurements and PR EOS predictions, up to and exceeding a mole fraction of 0.15. The literature data sets in general agree on the trend with deviations from the EOS switching from negative to postive as both x1 and T increase. There is a fair amount of scatter in the literature data over the whole composition range but as our measurements do not go beyond x1 = 0.172 they can not be used to identify between which of the data in this region are likely more accurate. More high quality data are needed at higher liquid mole fractions of methane to confirm which data are reliable, as there are some large discrepancies. For example at x1 ≈ 0.43 and T = 293 K for the methane (1) + benzene (2) system there is about a 0.046 mole fraction discrepancy between the data of Rijkers et al [19] and the Stepanova et al [21] despite, as we note above, that their results appear relatively consistent with our data at lower mole fractions of methane. Without corroborated data for much of the mole fraction range efforts to optimize equation of state predictions for this mixture would likely be premature.
In Figure 3b the deviations (y1 -y1,calc) of the measured methane vapor mole fraction, y1, from those calculated with the PR EOS at the same pressure and temperature, y1,calc, are plotted together with the corresponding deviations calculated for literature data.
The data of Elbishlawi and Spencer [14] , Stepanova et al. [21] , Coan and King [12] , Legret et al [15] , Rijjkers et al. [2] and Marteau et al. [18] were measured in the same range of y1, p and T as our measurements. Our data are in reasonable agreement with most of these data though we note that the data of Elbishlawi and Spencer [14] and
Legret et al. [15] tend to deviate postively from our data. From both deviation plots presented in Figure 3a and 2b we conclude that the data of Elbishlawi and Spencer [14] are likely erroneous given their significant postive deviations from our data and other literature data.
For methane (1) + methylbenzene (3), our VLE measurements are listed in Table 4 and LLE measurements are listed in subsequently concluded that the data of Chang and Kobayashi [23] were erroneous.
In Figure 4 our VLE data are plotted on a p,x diagram. In Figure 5a behavior should be investigated further and more high quality measurements at x1 > 0.28 are clearly needed. The data of Elbishlawi and Spencer [14] deviate significantly in a positive manner from all other data sets measured at similar temperatures, as was the case for the methane + benzene system.
In Figure 5b the deviations (y1 -y1, [ 25] are within the T range of our measurements and deviate from the EOS predictions by less than a mole fraction of 0.007.
For both binary systems, the VLE data of Elbishlawi and Spencer [14] appear to be inconsistent with all of the available measurements at corresponding conditions. Yet the deviations of their data from the EOS suggest that they have been given a weighting equal to or greater than those of other measurements during the model's development.
The results of this work indicate that in any future EOS development for these binary systems, the data of Elbishlawi and Spencer [14] should be excluded. points however, deviate from those calculated by the EOS by about a factor of ten greater than the deviations of the measurements reported here. More high quality LLE measurements for this system are needed to investigate these discrepancies and allow the PR EOS or another EOS to be optimized for calculations of LLE.
Conclusions
Three main conclusions can be drawn from this work. First our data at 198.15 K for the methane (1) + methylbenzene (3) system indicate that LLE exists for this system at temperatures higher than expected based on the results of previous measurements [1] .
Interestingly, however, LLE at this temperature was predicted using the Peng Robinson EOS. Second, the data of Elbishlawi and Spencer [14] for both methane + benzene and methane + methylbenzene have been shown to be inconsistent with data measured at similar p and T and we recommend that they are not used in the development of equations of state. It appears that these erroneous data were weighted highly in previous model development processes. Finally, it is apparent that high quality literature data are needed at x1 > 0.3 for both methane (1) + benzene (2) and methane (1) + methylbenzene
(3) to investigate discrepancies in the available data. Once these discrepancies are resolved equations of state could be optimized with greater confidence. Sigma-Aldrich 0.9991 GC a,c methylbenzene Sigma-Aldrich 0.9998 GC a,c a Gas chromatography b Reported mole fraction impurities from the suppliers analysis were less than 25·10 -6 air, 15·10 -6 C2H6, 5·10 -6 H2O, 5·10 -6 other hydrocarbons and 1·10 -6 CO2. c Reported mole fraction impurity of water was less than 0.0001 0.0006 0.0005 SVE a u(T) = 0.10 K b u(x1) and u(y2) include the effect of the propagated temperature and pressure uncertainties on the measured compositions combined with the uncertainties of the composition measurements. c The vapor phase samples acquired at (278.15 K, 5.801 MPa) did not give repeatable values of y2 and hence were omitted. d The predicted phase equilibrium type from Multiflash's PR (advanced) model set [6] . (3) . The methane-rich liquid is denoted by the superscript L1 and the methylbenzene rich liquid is denoted by the superscript L3. 15 8.256 0.041 0.227 0.009 0.0016 0.0008 198. 15 6.374 0.032 0.217 0.025 0.0007 0.0008 198. 15 8.295 0.044 0.226 0.008 0.0014 0.001 198.15 11.015 0.056 0.251 0.013 0.0043 0.0008 198.15 11.531 0.066 0.244 0.005 0.0036 0.0008 a u(T) = 0.10 K b u(x1 L3 ) and u(x3 L1 ) include the effect of the propagated temperature and pressure uncertainties on the measured compositions combined with the uncertainties of the composition measurements. c The methane rich liquid samples acquired at these conditions did not give repeatable values of y3 and hence are omitted. Figure 1 . Time series data for the measured temperature and pressure after decreasing the temperature below 273 K. The resulted increase in pressure can be evidence of a solid formation at temperatures below this point. The pressure increased, plausibly, due to expelling the dissolved methane from the solid phase to the vapor phase after the freezing out of benzene from the liquid phase, , T; Δ, p. 
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Summary
The supporting information contains comparisons of our data to literature data and a discussion of reasons for discrepancies resulting from the review process.
Methane (1) + Benzene (2)
Reviewer comment: Large deviations of the authors' phase boundary pressures from the literature values are detected for benzene + methane (up to 12 %) . The deviations in pressure should be discussed.
The reviewer's plot for methane (1) + benzene (2) data at T between 276 and 280 K has been reproduced in 
